Building on previous work to implement problem-based learning, a mechatronic design course was recast as a semester-long activity culminating in the collaborative design and fabrication of an autonomous vehicle. Students were provided a realistic design scenario early in the course, with subsequent lecture and laboratory activities tying directly to the proposed problem. Following the submission of student design work, and demonstration of their mechatronic devices, student learning outcomes were assessed both indirectly and directly. Indirect assessment implied both the course content and collaborative design project contributed to student learning. Direct assessment of student designs showed improvement from previous semesters.
Introduction
Lawrence Technological University (Lawrence Tech) is engaged in a seven-year process to incorporate active and collaborative learning (ACL) and problem-based learning (PBL) into the engineering curriculum. 1, 2 Approximately 75% of the engineering curriculum, including mathematics and general education courses, is being modified to include ACL and PBL. One early modification was a multidisciplinary Introduction to Engineering course. 3, 4 Active learning requires students to actively discuss issues or work problems in the classroom, rather than listening passively to a lecture. If students informally assist one another in this process, the technique is deemed to be collaborative learning. If formal structures exist to guide student interaction, the process is considered cooperative learning. 5, 6 A related approach, problem-based learning, introduces engaging real-world problems for students to solve, usually as part of a group. 7 Previous work has shown that PBL activities can substantially improve student learning 8 and that cooperative learning in general promotes academic success, quality of relationships, and self-esteem. 9 During Fall 2013 and Spring 2014, a common PBL experience was implemented in similar courses offered at Lawrence Tech and Purdue University. 10 Students were provided with one half semester of lecture and six formal laboratory experiments, then tasked with the design and construction of a robot to locate and mark landmines for removal by an expert. Qualitative results of student surveys from Lawrence Tech indicated that students enjoyed the project and were motivated by the real-world problem. In addition, students self-reported an improvement in relevant skills following completion of the PBL.
Discussion among the authors and collaborators identified two significant questions raised by the initial results:
 Can the lecture and laboratory materials be included into the PBL so as to better motivate the material and prevent common student mistakes? Integrated mechatronic design seeks to use a combination of the four components in a parallel design process. For example, consideration of the sensor, actuator, and software needs during mechanical systems design can result in a better overall design. Furthermore, problems may be solvable in any of the four component domains with varying degrees of complexity and cost. It is left to the mechatronic systems engineer to design an optimal tradeoff between available solutions, balancing performance, available time, cost, and any other relevant metrics. To be capable of participating in a parallel, interdisciplinary design process, the mechatronic systems engineer must have a familiarity with, if not expertise in, each of the four mechatronic components. 
Mechatronic Design Project
Before discussing course modifications and assessment, the mechatronic design problem is first considered. A problem statement was given to students prior to the second class period, and served as the basis for course modifications and assessments described below. The problem statement was selected such that the resulting demonstration of student prototypes would closely match a course project from previous semesters that did not include PBL techniques, thus permitting a meaningful comparison of project outcomes. Student received the following problem description:
The United States federal Nuclear Waste Policy Act of 1982 [1] established a national program for the safe, permanent disposal of highly radioactive wastes in underground storage locations. The availability of storage for spent fuel rods from fission-based reactors is critical due to the extremely long half-lives of the waste. For instance, strontium-90 and cesium-137 have half-lives of about 30 years but plutonium-239 has a half-life of 24,000 years [2] . One proposed storage location was in Yucca Mountain, located in Nevada. After investing $15.4 billion, the Obama administration cut funding for the site and it has since sat empty [3] .
Deep borehole disposal is a promising option for nuclear waste disposal [4] . In this case, a 2-5 km deep borehole is drilled and spent nuclear fuel and high-level radioactive waste are lowered into the borehole. Drilling of this depth has been previously demonstrated in Nevada [5] and Russia [6] . To aid in collection of the nuclear waste, the federal government is investigating the use of a specialized train for transportation of the waste to a storage location [7] .
Your team is submitting a bid to design and build an autonomous robot capable of retrieving sealed containers of nuclear waste from the specialized train and transporting them to the borehole for disposal. You must prepare a working prototype for a small-scale demonstration. Your demonstration robot is to retrieve and dump all dummy nuclear containers located within a small testing area. To facilitate storage, your robot must fit within the provided storage shed. Based on prototype demonstrations and technical presentation, one winning team may be selected for a construction of a full-scale prototype.
 The robot must be autonomous: no human intervention and no tethers.  The demonstration robot must fit in a shed for deployment.  The demonstration robot must deploy from its shed autonomously.  There is no weight limit.  The robot should complete the demonstration in less than 1 minute.  The robot will be allowed three attempts to complete the demonstration.
[1] "Summary of the Nuclear Waste Policy Act."
http://www2.epa.gov/laws-regulations/summary-nuclear-waste-policy-act [2] In addition, a sketch of the scaled-model of the borehole facility to be used in the prototype testing was provided. The dummy nuclear waste containment devices were defined to be spheres with 2.63" diameter (tennis balls). The nuclear waste delivery train was defined to dump the nuclear waste containers into the borehole facility such that the arrangement would be random. A black circle on the borehole facility ground was included as a navigational aid. The task facing students was then to build a device which was capable of moving in a prescribed manner, locating the spheres, collecting the spheres, transporting the spheres, and depositing the spheres in the borehole. No attempt was made to quantify the difficulty of this project relative to previous projects, but it was apparent that navigation with the aid of the black circle decreased difficulty.
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The Course as PBL
The first question to be addressed in this work is "Can lecture and laboratory materials be included into the PBL so as to better motivate the material?" The answer is YES! All lecture and laboratory materials were reconsidered for improvement. First, the overall course structure was reevaluated for relevance to the assigned design problem. Students previously alternated between lecture topics and related laboratory experiments for half the semester. Following this structured portion of the course, students engaged in a less structured design project to combine skills learned from the lectures and laboratory assignment, as illustrated in Figure 3 .
In the current revision, the general course structure remained in place; one half semester of alternating lecture and laboratory experiments, followed by a half semester spent solving the design problem. However, the problem-based learning approach was expanded to include the first half of the course. This revised course structure is shown in Figure 4 . Seen in this manner, the combination of lecture topics and laboratory experiments form an integral part of the design experience as they provide exposure to needed techniques, while remaining rooted in the context of the problem. The complete course schedule is shown in Figure 5 . Laboratory experiments and concepts covered are provided in Table 1 . This change in philosophy necessitated that lecture material and laboratory topics frequently loop back to the overall design problem. For instance, the first lecture topic was an introduction to mechatronic design. This class session featured Shelton's Rules of Design (see Figure 6 ), a collaborative brainstorming session to identify the relative strengths of mechanical, electrical, control, and computer system-based solutions to a simple problem, and the introduction of the design problem (see Figure 7 ). During a later discussion of sensor and actuator types, students were encouraged to consult with their laboratory partners to answer questions related to the design problem. Such discussions produced a collection of good ideas regarding what types of sensors and actuators would work for various stages of the project, such as moving, identifying, collecting, and depositing the spherical containers. Students' suggestions revealed various assumptions regarding the mechanical design of the robot. Laboratory experiments were tailored to the needs of the project because students knew the project focus and could easily relate the concepts to their preliminary designs. For instance, during Lab 3: Tradeoffs Between Hardware and Software, students explored the use of transistor-transistor logic (TTL) versus logic gates implemented in discrete integrated circuits. Equivalent Boolean logic was then implemented in a microcontroller, and students were asked to identify advantages and disadvantages of both the hardware and software. In Lab 5: Analog Input and Output, students compared resistor-capacitor (RC) filters with software filtering and were asked to comment on how their results applied to their design project. More obviously, Lab 6: Implementing Sensors and Lab 7: Implementing Actuators built on Lab 4: The Digital Lock to incorporate sensors and actuators into a finite state machine capable of controlling motion based on detecting objects with IR distance sensors.
Finally, the midterm examination asked students to provide a finite state machine (FSM) model that was essentially a subset of their semester-long design activity. Specifically, students were asked to generate FSM logic for moving a robot (equipped with downward facing sensors capable of line detection) from a position inside the circle to the circle periphery, and to then following the circle, moving in either the clockwise or counterclockwise direction. Students were additionally required to implement their design on an Arduino Uno microcontroller board.
Spring 2013 Student Designs
Three student groups completed the design project in Spring 2013 before the described course modifications. The student designs are shown in Figure 9 , Figure 10 , and Figure 11 . During the friendly competition at semester's end, teams received 0.25 points for capturing a tennis ball, 1 point for delivering a tennis ball to the hole, and a time bonus of 60 seconds / time used. Results of the competition are provided in Table 2 .
Videos of Spring 2013 competition results are available on YouTube: http://www.youtube.com/playlist?list=PL5zfQ7kHbtsFKMZak-nBOT002Rcc-UPCr 
Fall 2014 Student Designs
Four student groups completed the design project in Fall 2014, following the described course modifications. The student designs are shown in Figure 12 , Figure 13 , Figure 14 , and Figure 15 . During the competition, teams received 0.25 points for capturing a dummy nuclear waste container (tennis ball), 1 point for delivering a dummy nuclear waste container to the borehole, and a time bonus of 60 seconds / time used. Results of the competition are provided in Table 4 . 
Indirect Assessment of Student Learning
The second question to be addressed in this work is "Did the inclusion of PBL techniques lead to an improvement in students' designs as compared to previous non-PBL projects?" As a first step in this direction, we consider the students' own evaluations of their learning. Following completion of the design competition, students (N=14) were asked to complete a questionnaire to gauge the effectiveness of the PBL and overall course. Survey results are provided in Table 7 .
Students comprised both those in the M.S. Mechatronic Systems Engineering program for whom the course was required as well as students from other programs for whom the course was an elective. Populations of students by degree program is provided in Table 6 . Survey results implied that both the overall course and the design project helped students improve their mechatronic design skills. The students' project score of 4.29 for mechanicalelectrical-software design implied that the overall goal of the course was being met for most students. Also of interest was that students evaluated that the project improved their skills in "identifying trade-offs in mechatronic design" at 3.86 and "selecting an appropriate balance of mechanical-electrical-software design" at 3.86. This implies that future revisions of the project need to be clearer in requiring students to expressly consider these concepts.
Written statements were also gathered on the student surveys. The students were asked what they liked (or appreciated) about the project, what should be changed, and any other additional comments/observations. Students' positive comments followed two themes: the hands-on nature of the course and application of the course concepts to the project.
-"Hands-on lab experiments and opportunity to actually use learned knowledge on a very open-ended design/build project." -"The division of the course into lab phase and project phase (being able to concentrate on one type of work at a time, rather than having the lab and the project overlap.)" -"The lab sections before project was very interesting and also became the platform to gain practical knowledge." -"I liked that we were able to get hands on experience throughout the course with the labs."
-"I really enjoyed the project (stress and all)." -"I like how we practice everything we took in the lab. I liked the idea of the project." -"It was nice to work together in a similar project with other groups and see their designs; comparing different approaches to solving the same problems." -"Very applied. We were given enough theory to explore on our own (Best way to learn!)
The project helped in troubleshooting (a skill that cannot be acquired in a different manner)."
When asked what should be changed, students cited the duration of the project and the need for additional resources for students with less background. The final student suggestion for change was of particular interest, in light of the ongoing course revision to better incorporate the project into the overall course.
-"It would be nice to have more time (1-2 weeks more) to work on the project." -"Some people initially seemed completely lost when it came to Arduino programming. It would be nice to have an individual assignment in the first week or two of the class (before labs start) that would give everybody a chance to familiarize (or re-familiarize) themselves with programming and with the Arduino." -"I think the project needs to be re-vamped. Having only 1.5 months to complete a project that I had no experience with was asking a little too much. While I was successful, it took a tremendous effort, more than should be required for a 3 credit course, in my opinion." -"I believe it would be better if the project were further integrated in the course, rather than treated a separate project. Perhaps work on the robot can be accomplished in the labs. I think a project that is presented in a more guided fashion would yield better learning opportunities."
Student surveys were not administered in this course prior to Fall 2013 and those from Fall 2013 and Fall 2014 used different questions. Therefore, the presented indirect assessment does not answer the question "Did the inclusion of PBL techniques lead to an improvement in students' designs as compared to previous non-PBL projects?" However, the survey results imply that student learning has not been compromised by the inclusion of PBL techniques.
Direct Assessment of Student Designs
As a second step in addressing the question "Did the inclusion of PBL techniques lead to an improvement in students' designs as compared to previous non-PBL projects?" student designs were directly assessed using the rubric provided in Figure 16 . The students were unaware that the instructor used the rubric and direct assessment results using the rubric did not contribute to grades. The criteria (i.e., rows within the rubric) have been numbered 1 through 13 with overall result shown in Table 8 and technical (1-10) per-criteria results shown in Table 9 . Due to the small sample size, these results are provided for qualitative analysis only.
Direct assessment results indicate that the Fall 2014 semester with PBL resulted in better overall student designs than the Spring 2013 semester without PBL. Fall 2014 students designs performed better in all categories except "Software Design". In this case, the instructor observed software design in progress but design reports omitted details including state-transition diagrams and next-state tables.
While it is tempting to assert that because the difference between the assessed semesters was solely due to introduction of PBL techniques such as an ill-defined real-world problem, other factors should be considered. With such a small sample size, it is possible that the students in Fall 2014 were better prepared or more motivated. In addition, Spring 2013 marked the first introduction of this course at Lawrence Tech while Fall 2014 was the third course offering. It is possible that professional growth by the instructor contributed to the student design improvement.
Even with these contributing factors, it is clear that the course offering with PBL produced superior student outcomes and it seems likely that course modifications to treat the entire course as PBL contributed to the improved student outcomes.
Conclusion
In conclusion, a senior/graduate level mechatronic design course was modified to include a problem-based learning activity and tie that design problem into lecture and laboratory experiments throughout the course. Indirect assessment results implied that the PBL activities contributed to student learning and direct assessment with a rubric showed improvement in student designs between a previous semester without problem-based learning and the revised course. Future work will increase sample sizes and repeat the work with different design problems. 59.0 70.8 Table 9 . Per-criteria direct assessment results for student designs scored using supplied rubric. Figure 16 . Rubric used for direct assessment of student designs in semesters with and without PBL techniques.
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